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ABSTRACT: Vanadium dioxide (VO2) is one of the most widely studied inorganic phase change 

material for energy storage and energy conservation applications. Monoclinic VO2 [VO2(M)] 

changes from semiconducting phase to metallic rutile phase at near room temperature and the 

resultant abrupt suppressed infrared transmittance at high temperature makes it a potential candidate 

for thermochromic smart window application to cut the air-condition usage. Meanwhile proper 

electrical potential, stable structure and good interaction with lithium ions make metastable VO2 

[VO2(B)] an attractive material for fabrication of electrodes for batteries and supercapacitors. 

However, some long-standing issues have plagued its usage. In thermochromic application, high 

transition temperature (τc), low luminous transmittance (Tlum) and undesirable solar modulation 

ability (△Tsol) are the key problems, while in energy storage applications, short cycling lifetime and 

complex three-dimension microstructure are the major challenges. The common methods to 

produce VO2 polymorph are physical vapour deposition (PVD), chemical vapour deposition (CVD), 

sol-gel synthesis, and hydrothermal method. CVD is an intensively studied method due to its ability 

to produce uniform films with precise stoichiometry, phase and morphology control. This paper 

reviews the various CVD techniques to produce VO2 with controlled phases and the ternary 
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diagram shows the relationship between film stoichiometry and various process conditions. The 

difference between the various CVD systems are commented and the process window to produce 

VO2 are tabulated. Some strategies to improve VO2's performance in both energy conservation and 

energy storage applications are discussed. 

Nomenclature 

AACVD   aerosol assisted chemical vapour deposition 

ALD   atomic layer deposition 

APCVD   atmospheric pressure chemical vapour deposition 

AR-layer   anti-reflecting layer 

CVD   chemical vapour deposition 

CNT   carbon nanotube 

DLI-MOCVD   direct liquid injection metal-organic chemical vapour deposition 

FESEM   field emission scanning electron microscope 

ITO   indium tin oxide 

HVAC   heating, ventilation and air conditioning 

MFC   mass flow controller 

MIT   metal insulator transition 

MOCVD   metal-organic chemical vapour deposition 

PECVD   plasma enhanced chemical vapour deposition 

PVD   physical vapour deposition 

SEM   scanning electron microscope 

SPR   surface plasmon resonance 

τc   transition temperature 

TEM   transmission electron microscope 

TEMAV   tetrakis[ethylmethylamido]vanadium 

Tlum   luminous transmittance 

VLS   vapour-liquid-solid 



△Tsol   solar modulation ability 

Introduction 

As the world population increasing, the energy demand of society increases rapidly. The world 

energy consumption in 2020 will increase to 53 billion kWh[1, 2]. Because of the limited amount of 

conventional energy sources such as coal, crude oil and natural gas, the current energy consumption 

practice has been proved as unsustainable. To fulfil the requirement of sustainability, approaches 

such as cutting off energy usage and exploring cleaner energy source have to be employed. 

Energy saving in building is one of the important tasks in energy usage cutting off since building is 

one of the largest energy usage sectors. According to the report from United Nations, human-made 

building consumes 40% of total primary energy requirement globally and emits 30% of annual 

carbon dioxide emission[3]. Within the energy usage in building, heating, ventilation and air 

conditioning (HVAC) applications use about 50% of total energy[4]. Based on these data, reducing 

energy consumption for HVAC becomes an important task for architect and engineer. The HVAC 

energy consumption can be reduced via both aggressive and passive ways such as improving the 

efficiency of air conditioning system, adding thermal insulating to the wall, using cooling roof, and 

installing smart window glazing[5-7]. Since the window is the most energy inefficient component in 

the building, regulation the heat through the window becomes an important consideration for 

designer and national standard[8, 9]. Vanadium oxide (VO2) is one of the phase change materials 

used as thermochromic smart window coating to cut off the energy consumption for regulating 

room temperature due to its near room temperature metal-insulator transition (MIT) and has 

attracted attention from academia and industry. When temperature increases above the transition 

temperature (τc), the material transits from insulator to metal and its lattice changes from monoclinic 

to rutile with a diminished transmittance in the near-infrared range[10]. Therefore, temperature 

dependent solar modulation can be triggered automatically. Based on the heat reflection and 

absorption effect from the metallic state of VO2, the building in warm-area (Cairo, Palermo and 

Rome) that employs VO2 coated smart window shows an annual energy saving up to 10%[11]. 

Although VO2(M) is attractive as an energy conservation material, some limitations restrict its 

application: First, bulk VO2(M) has a τc at ~68°C, which is too high for room-temperature 

applications. Secondly, the integrated luminous transmission (Tlum) for VO2(M) is only ~40% with a 

noticeable magnitude of solar modulation (ΔTsol) <20% which is insufficient for windows coating 



applications[12]. Nanothermochromism[13-15], controlled porous films[16], moth-eyed 

nanostructure[17], multi-layered antireflective over-coated films[18] and gridded structures[19-21] 

as shown in Figure 1 have been investigated to address those issues. The organic[22] and hybrid 

structure[23, 24] show superior Tlum and ΔTsol, however they suffer from low durability and the 

translucent state at a high temperature, which is not favourable for window applications. In 

inorganic VO2, the performance varies significantly due to the difficulty to control the 

crystallinity[25], uniformity, morphology[26] and phases because of its rich valence[27, 28].  

On the other hand, although the cleaner energy such as solar energy and wind energy have been 

successfully commercialised, it is still very far from fully replacing the fossil fuel because of several 

limitations of the cleaner energy. For example, the photovoltaic panel can only generate electrical 

power during the daytime, and the amount of electricity generated by wind turbine is not stable 

since the speed of wind changes with time. Those issues prevent the large-scale application of solar 

and wind energy in everyday life[29]. Moreover, the development of electric vehicles based on the 

requirement to get rid of fossil fuel raises higher demand to the large capacity energy storage device 

[30]. Meanwhile, energy storage technology is also used to harvest the wasted kinetic energy from 

vehicle and large machine[31, 32]. Under this circumstance, metastable VO2 [VO2(B)] attracts 

attention in the energy storage area as battery and supercapacitor electrode materials and 

supercapacitor materials. VO2(B) presents the advantage of having a proper electrode potential, 

which is desirable for batteries and supercapacitors[33]. Moreover, the unique tunnel structure of 

VO2(B) allows lithium ion intercalate and deintercalate in reversible Li-ion battery[34]. Meanwhile, 

VO2(B) has the outstanding resistance to the lattice shearing during charging cycling because of its 

increased edge shearing[35]. Lastly yet importantly, compared with the current cathode material in 

lithium battery such as LiCoO2, the vanadium based cathode has lower cost due to the abundance in 

nature[36]. Since the morphology of electrode component has a significant influence on 

electrochemistry performance[37], a batch of one-dimension (1D) and two-dimensions (2D) 

structure such as nanorod[38], nanowire[39], nanobelt[40] and nanoparticles[41] have been 

produced. However, those structures suffer from poor cycling stability[42]. Three-dimensional (3D) 

microstructures such as flower-like structure[43], nanothorn hollow microsphere[42] and urchin-

like structure[44] have been reported to exhibit superior cycling stability over 1D and 2D 

nanostructures because of the porous and rigid 3D structures. Meanwhile, several groups[45, 46] 

proved that carbon coating on electrode effectively improved electrode cycling stability. Despite the 



advances of these two ideas, there are still have some limitations. First, the thick carbon coating is 

not preferred in supercapacitor and battery electrodes as it hinders the diffusion kinetics of Li-ion 

and slows down the charge/discharge rate[47], which eliminates the advantage of tunnel structure in 

VO2(B) crystal, Second, the current commonly used method such as hydrothermal process is not 

good at controlling film thickness precisely. Third, the complexity of the synthesis process for 3D 

microstructures and the difficulty in controlling the structure, stoichiometry and morphology also 

remain daunting tasks. Finally, current synthesis method is not suitable for large quantity 

production. 

Compared with other fabrication methods such as physical vapour deposition (PVD)[48], sol-gel 

synthesis[13, 18, 21, 49], polymer-assisted deposition[50, 51], hydrothermal[52-54] and dip 

coating[55], CVD takes the advantages in producing high uniformity film with precise 

stoichiometric control on a large area. For example, a wafer-sized electronic-grade single crystalline 

VO2 thin film fabricated with CVD has recently been produced by Zhang et al.[56]. Although the 

authors did not achieve mass production of VO2, this case proved the capability of CVD to become 

an industrialised production technique. The objectives of this article are to review various CVD 

techniques used to deposit VO2 thin film with controlled phases, to elaborate the processing 

parameters that affect the thin film quality and to discuss the strategies such as doping, forming of 

composite, ultra-thin overcoating and so forth (Figure 2), which can improve the performance of the 

films. The different phases, lattice, space group of VO2 and their applications are shown in Table 1. 

Table 1 Structures and some properties for four major phases of VO2‡. 

Phase Lattice Space 

group 

Application example Remarks 

VO2(R)* Tetragonal P42/mmm Smart windows coating[57], High damping 

materials[58], Smart radiator devices for 

spacecraft[17], Field effect transistors[17], 

Resistive random-access memories 

(RRAMs)[59] 

Stable from 

68°C to 

1540°C 

VO2(M) Monoclinic P21/c Stable below 

68°C 

VO2(A)† Tetragonal P42/nmc Unknown Metastable 

VO2(B) Monoclinic C21/m Electrode, Supercapacitor Metastable 

*VO2(R) stands for the rutile phase of VO2, which is produced by phase changing of VO2(M) when 

the temperature above 68°C 



†VO2(A) is the intermediate phase in the phase transition from VO2(B) to VO2(R). 

‡The lattice and space group information are summarised from Ref.[60]. 

 

Figure 1 Thermochromic performance of film produced by the various methods. Adapted from Ref.[24] with permission 

from Wiley. 



 

Figure 2 Strategies that enhance the performance of VO2 for the energy saving and energy storage applications. 

1. Chemical vapour deposition (CVD) of VO2 

CVD is a thin film deposition technique that is widely used in semiconductor and other industries. It 

utilises precursor vapour or gas precursor to react in a reaction chamber and deposits the product of 

reaction onto a substrate to form a thin film. The scheme of the entire process is presented in Figure 

3. The precursors are first brought into the reaction chamber by the carrier gas (step 1) followed by 

the diffusion of the precursor from the main stream to the substrate, forming a boundary layer on 

the substrate surface (step 2a). In boundary layer, gas flow rate gradually decreases from main 

stream velocity to zero and the precursor is subsequently absorbed onto the substrate. 

Heterogeneous nucleation and reaction happen (step 3) with the film subsequently forming on 

substrates and coalescence (step 4). In contrast, in step 2b, homogeneous reaction may happen with 

powders produced above boundary layer and in most cases the film deposited with powders as 

crystallisation nuclei is not preferred due to poor adhesion and quality[61]. The by-products and 

unreacted precursor are transported out from the chamber at the end of the process (step 5a, 5b). 



Depending on system configuration, there are several types of CVD system such as atmospheric 

pressure CVD (APCVD), plasma enhanced CVD (PECVD), metal-organic CVD (MOCVD) and so 

forth. These techniques to deposit VO2 will be introduced in details later. The pros and cons of 

different CVD systems are summarised in Table 2.



 

Table 2 Advantages and disadvantages of some commonly used CVD techniques[62, 63]. 

Type of CVD Advantages Disadvantages 

APCVD  Fast deposition rate 

 Good robustness, easy to clean and 

maintain  

 Simple system configuration 

 Relatively low uniformity and step coverage 

 Difficult to control film quality and volatile precursor is a 

must 

   

PECVD  Good film-substrate adhesion 

 Able to deposit film at low temperature 

 Plasma may damage substrate due to energetic particle 

bombardment 

 Complex system configuration 

 Difficult parameter controlling due to presence of plasma 

   

MOCVD  Able to control film thickness precisely 

 Good film quality and uniformity 

 Precursor is usually highly toxic 

 High purity precursor is required 

 Difficult to get rid of carbon contamination 

   

AACVD  Fast deposition rate 

 Capable for non-volatile precursor 

 Poor film-substrate adhesion 

 Relatively high defect density 

   

Hybrid 

AA/APCVD 

 Suitable for composite production  Complex system configuration 

 Difficult to control synthesis parameters 

   

ALD  Precise thickness control 

 Good uniformity 

 Low defect density 

 Able to deposit film at low temperature 

 Slow deposition rate 

 Complex system configuration 



 

Figure 3 Schematic diagram of the CVD process: (1) precursor introduction; (2a) precursor absorbing; (2b) homogeneous 

reaction; (3) heterogeneous reaction; (4) film forming and coalescence; (5a), (5b) by-product transporting; (6) exhausting. 

1.1. Atmospheric pressure chemical vapour deposition (APCVD) 

APCVD is the CVD technique with atmospheric chamber pressure. The technique utilises inert gas 

such as argon or nitrogen to fill the chamber and maintain chamber pressure. A typical APCVD 

system configuration is shown in Figure 4, mass flow controller (MFC) is used to precisely control 

the flow rate of carrier gas. APCVD has a significant limitation: in order to produce sufficient 

precursor vapour, only volatile precursor can be used. The limitation restricts choosing of precursor, 

and sometimes bubbler has to be heated to ensure continuous vaporisation or sublimation of 

precursor. 

 

Figure 4 Schematic diagram for APCVD system. 



Due to its simple system configuration, APCVD was applied to deposit VO2 thin film from 

1968[64]. In that experiment vanadium(V) oxytrichloride (VOCl3) and carbon dioxide (CO2)/carbon 

monoxide (CO) mixture gas were used as precursors. The transition temperature for deposited VO2 

film was 67°C, which was similar to τc of bulk VO2. There are two types of precursors namely 

vanadium halide and vanadium-organometallic. In the vanadium halide system, two major 

precursors VCl4 and VOCl3 are used; while in the vanadium-organometallic system, VO(acac)2 and 

VO(OC3H7)3 are applied. The details are discussed separately in the following two sections.  

1.1.1. Parameters that affect film growth in APCVD system with vanadium 

halide precursor 

The phase diagram plotted by Kang[27] states that the two most critical factors for the composition 

of produced films is temperature and the ratio of mole fractions for V and O. As described in Figure 

5, it should be noticed that the VO2 pure phase can be produced at the oxygen mole fraction of 0.66 

as marked by the arrow. With the oxygen mole fraction decreasing, triclinic Magnéli phases VnO2n-1 

(n=4, 5, 6, 7, 8) will be formed. Hence, the reaction parameters must be carefully tuned to ensure 

the correct stoichiometry and phase.  

 

Figure 5 Phase diagram of VOx system. The arrows indicate the position of V2O3 and α-VO2. The x-axis represents the 

mole fraction of VO2.5 in the compound. For example, V2O5 is considered as VO2.5; VO2 can be regarded as the 

combination of 33% of VO and 66% of VO2.5. α-VO2 stands for VO2(M), and β-VO2 refers to VO2(R). Reprinted from 

Ref.[27]. Copyright 2012, with permission from Elsevier. 



Vernardou et al. conducted a series of experiments in 2006[65] and 2011[66] to show the effects of 

process parameters on the stoichiometry of film by using VCl4 and H2O as the precursors with fixed 

flow rate of 12 L/min. In 2016, Gaskell et al. deposited VO2(M) on fluorine doped tin oxide pre-

coated borosilicate substrate by using the same precursor and fixed flow rate[67]. As summarised in 

Figure 6, it shows that when the substrate temperature was higher than 450 °C and VCl4:H2O molar 

ratio was less than 0.5, V2O5, as marked in dark cyan region, was formed; while V2O3, as circled in 

purple, was formed when the VCl4:H2O ratio was 1 and temperature was up to 450°C. In contrast, 

when the temperature was less than 400°C, in nearly all VCl4:H2O ratio region except 0.6, there was 

no crystalline phase as shown in two olive rectangular boxes. The general trend suggested that with 

increasing VCl4:H2O ratio, the valance of V of the produced decreased. Interestingly, VO2, as 

marked in wine-coloured T shape zone, was able to be deposited on SiO2 buffer layer pre-coated 

glass at 450-475°C with a VCl4:H2O molar ratio of 0.55-0.8[65], however by changing different 

substrates, Gaskell could obtain VO2 at lower temperature starting from 350°C by fixing the 

VCl4:H2O molar ratio to 0.6[67]. The possible reason for this observation remains unknown.  

 

Figure 6 Binary diagram shows the results of Vernardou's[65, 66] and Gaskell's experiments[67]. 



It was found out the flow rate influences the phase formation of vanadium oxide. Figure 7 

summarises the experimental results for both VCl4-H2O and VOCl3-H2O system including the 

effects of temperature, molar ratio and flow rate. Figure 7 (a) shows the ternary diagram indicating 

the relationship between film stoichiometry and variation of normalised parameters for both VCl4 

and VOCl3 systems and Figure 7 (b) and (c) are the 3D-XYZ diagram of two different systems 

respectively for better viewing of the actual experimental conditions. From Figure 7 (a) and (b), we 

find that the VO2 pure phase as shaded in wine-colour region could be deposited at two regions, 

namely region 1 at 350-475°C with a VCl4:H2O molar ratio of 0.55-0.8 and a fixed flow rate of 12 

L/min as well as region 2 at higher temperature (500-550°C), the richer H2O supply (VCl4:H2O 

molar ratio from 0.05 to 0.2) and a slower flow rate (~1 L/min). It is worth noting that by adding 

dopants such as Ti and W, the process condition varied. Specifically, titanium-doped VO2 was 

formed with significantly high flow rate (18 L/min), which can be obviously observed in Figure 7 

(b). By increasing substrate temperature and the fraction of V-precursor, V2O5 could be formed with 

flow rate fixed at 12 L/min with an exception when the flow rate reduced dramatically to ~ 1.5 

L/min and decreased temperature from 450 to 475°C as shown in Figure 7 (b). In the lower flow 

region, V6O13, as shaded in navy blue, could be formed with increased VCl4 concentration 

compared with V2O5.  

The use of VOCl3 as a precursor is relatively rare in recent years. By combining Figure 7 (a) and (c), 

it shows that VOCl3-H2O system produced V2O5 and V2O5-V6O13 mixing phase at the temperature 

350-600°C with the VOCl3:H2O molar ratio from 0.6 to 4 and the flow rate of 1.5-3.5 L/min. The 

V2O5 production region for the VOCl3-H2O system in Figure 7 (a) was larger than the region of the 

VCl4-H2O system which suggests that V2O5 is more readily formed with this precursor. However, 

no VO2 pure phase production was observed. The parameters and results differences between VCl4-

H2O and VOCl3-H2O system can be explained by the different reaction mechanism. The reaction 

happened in VCl4-H2O system is a simple hydrolysis reaction. In contrast, a reduction-oxidation 

(redox) reaction happens in VOCl3-H2O system. Therefore, the VCl4 system is easier to control than 

the VOCl3 system and recommended for VO2 growth. 



 

Figure 7 (a) Ternary diagram shows the relationship between film stoichiometry and variation of normalised parameters in 

both VCl4 and VOCl3 systems. (b) 3D-XYZ diagram shows the experiment results for VCl4 systems. (c) 3D-XYZ diagram 

shows the experiment results for VOCl3 system. The data of VCl4 system are collected from Ref.[65-70]. The data of 

VOCl3 system are collected from Ref.[71]. 

1.1.2. Parameters that affect film growth in APCVD system with vanadium-

organometallic precursor 

Similar to the system with vanadium halide, the film stoichiometry in the vanadium-organometallic 

applied system is affected by temperature, the molar fraction of the precursor, and total flow rate. 

Vernardou et al. evaluated the influence of variations in conditions on the stoichiometry in the 

system with VO(acac)2 and oxygen and plotted a binary diagram[65]. As described in Figure 8, the 

deposition for VO(acac)2 required a higher temperature compared with the VCl4 system as 

explained in section 1.1.1 and the process window was much wider regarding oxygen flow rate 



(0.1-0.9 L/min). In VO(acac)2 system, the intramolecular decomposition is the major reaction, while 

the reaction between VCl4 and H2O is a simpler intermolecular hydrolysis reaction. 

 

Figure 8 Influence of oxygen flow rate and temperature on film stoichiometry at a fixed total flow rate of 12L/min in 

APCVD. Reproduced from Ref.[65] with permission from Wiley. 

There are several publications[72-75], which reported successful deposition with VO(OC3H7)3 on 

SnO2 pre-coated glass, and indium tin oxide (ITO) coated substrate. The growth temperature of 

these experiments was set in the range of 300-450°C, which was significantly lower than the 

optimum growth temperature for VO(acac)2 system (Figure 8). In two reports[73, 75] the 

stoichiometry of film produced with different carrier gas flow rate through precursor was 

particularly evaluated. The results showed that in the temperature range of 400-450°C, VO2 could 

produce with the O2 flow rate in the range of 2-4 L/min. 

Similar to halide precursor system, deposition of VO2 film with vanadium-organometallic was 

affected by different substrates such as borosilicate glass, fused quartz, (1 0 0) MgO single crystal, 

(1 0 0) SrTiO3 crystal, (1 0 0) Si wafer, and randomly oriented sapphire [72, 74, 76]. It has been 

found that the pure VO2 was deposited only on fused quartz and sapphire substrate while mixture 

phases of V3O7 or V4O9 were formed on other substrates. The difference among substrates could be 

due to the lattice mismatch and thermal coefficient expansion of VO2 and substrates.  

1.2. Metal-organic chemical vapour deposition (MOCVD) 

The pressure of MOCVD system varies from 1 torr to atmospheric and two categories of precursors 

are commonly used: (1) β-diketonates such as VO(acac)2, V(acac)3 and vanadyl bis-hexafluoro 



acetylacetonate [VO(hfa)2] and (2) alkoxides such as VO(OC3H7)3 and vanadyl ethoxide 

[VO(OC2H5)3][77]. However, the performance of these precursors is different. Barreca et al. 

evaluated performances of four kinds of β-diketonates precursors: VO(acac)2, VO(dpm)2, VO(fod)2 

and VO(hfa)2(H2O) (Note: Hdpm: 2,2-6,6-tetra-methyl-3,5-heptanedione; Hfod:2,2-dimethyl-

6,6,7,7,8,8,8-hepta-fluoro-3,5-octanedione) [78]. The first three precursors produced VO2 in oxygen 

atmosphere while the last one only produced V2O5 in oxygen but could produce VO2 in a nitrogen 

atmosphere. 

The precursor applied in MOCVD can be in vapour or liquid form. The direct liquid injection 

MOCVD (DLI-MOCVD) can control film stoichiometry more precisely[79].  

1.2.1. Parameters that affect film growth in MOCVD 

The film stoichiometry in MOCVD is affected by temperature and the molar fraction of 

precursor[65] and the molar fraction in MOCVD system is mainly controlled by oxygen flow rate. 

As shown in Figure 9, the optimum growth temperature for DLI-MOCVD was 375-475°C, which 

was significantly lower than for APCVD (Figure 8) but DLI-MOCVD seemed to have narrow 

process window. When the oxygen flow rate was between 0.02 and 0.04 L/min, VO2(M) single 

phase was produced at the temperature in the range of 450-475°C. Furthermore, when the oxygen 

flow rate was within 0.04 to 0.08 L/min, VO2(M) and VO2(B) mixed phase would be deposited at 

425°C. However, if the temperature decreased to 400°C, VO2(B) single phase would be produced. 

 

Figure 9 Influence of oxygen flow rate and temperature on film stoichiometry at a fixed total flow rate of 3 ml/h in a 

MOCVD system. Reproduced from Ref.[65] with permission from Wiley. 



Spanò et al. studied the influence of growth temperature (200 to 750°C) on the film morphology 

and stoichiometry in a 3 torr MOCVD reactor with an oxygen flow rate of 0.15 L/min as shown in 

Figure 10[77]. VO2 was produced at 200-350°C, which was lower than Vernardou's experiment 

(Figure 9)[65]. During the experiment, when the temperature increased to 400-500°C, V6O13 was 

formed. Moreover, V2O5 deposition was observed if the temperature was higher than 500°C. The 

structure of film growth at 200°C consisted nanocolumns with the width of 70-80 nm [Figure 10 

(a)]. If temperature increased to 300°C, the plate-like structure appeared and the width kept 

increasing with increasing temperature [Figure 10 (b)-(f)][77]. 

 

Figure 10 Morphologies and compositions of film produced at different growth temperatures with MOCVD. Adapted 

from Ref.[77] with permission from Wiley. 

1.3. Plasma enhanced chemical vapour deposition (PECVD) 

PECVD has an advantage in thin film deposition compared to the other deposition techniques, as it 

utilises either a strong electrical field or microwave to produce plasma to decompose precursor and 

promote film formation which results in lower temperature deposition. However, there are rare 

reports of VO2 synthesis with PECVD due to the complexity of the PECVD system. Interestingly, 



several groups have reported the synthesis of V2O5 with vanadium organometallic precursor and 

oxygen gas [80-82]. The synthesis of V2O5 is relatively easy because V2O5 is the most 

thermodynamically stable phase at room temperature. In 1998, Zhang et al. produced vanadium 

oxide for battery cathode, using VOCl3, O2 and H2 as precursors [83]. The radio-frequency power 

was used to form the plasma with V6O13 thin film produced, which gave a high discharge capacity 

of 408 mAh g-1, negligible capacity fading after repeated charging and energy density of 960.3 Wh 

kg-1. The chemical reactions involved in the synthesis of V6O13 are: 4𝑉𝑂𝐶𝑙3 + 6𝐻2 + 3𝑂2 ↔

2𝑉2𝑂5 + 12𝐻𝐶𝑙 and 12𝑉𝑂𝐶𝑙3 + 18𝐻2 + 7𝑂2 ↔ 2𝑉6𝑂13 + 36𝐻𝐶𝑙. A similar idea can be used to 

synthesize VO2. Since vanadium atoms in VO2 has a valence number of +4, Zhang's experiment can 

be modified by selecting precursors with vanadium valence number of +4 or reducing the amount of 

oxygen so that VO2 could be produced. Therefore, we recommend employing precursors such as 

VCl4 and VO(acac)2 to avoid the possible introduction of an oxidant or reductant. 

1.4. Aerosol assisted chemical vapour deposition (AACVD) 

AACVD utilises aerosol instead of vapour to produce thin film. Commonly, an ultrasonic 

humidifier (Figure 11) is used to generate a precursor aerosol which circumvents the limitation of 

volatile precursor allowed in APCVD. The aerosol is firstly transported into the reaction chamber as 

shown in Figure 11 with the solvent evaporated and remaining precursor particles absorbed onto the 

substrate followed by heterogeneous reaction. The film is deposited on the substrate, and by-

products are desorbed and transferred away from substrate[84].  



 

Figure 11 Mechanism and system configuration for AACVD. 

Naik et al. produced VO2 pure phase with VO(acac)2 single precursor via AACVD[85]. The 

precursor was dissolved in ethanol and formed aerosol by an ultrasonic humidifier. Nitrogen gas 

served as carrier gas in the experiment. The VO2 pure phase was produced at 450-600°C with an 

island growth morphology. Besides VO(acac)2, commonly used precursors for AACVD includes 

V(acac)3[86] and other kinds of organic metal oxide.  

The effects of external electrical field to the morphology of VO2 film were extensively 

researched[87-92]. The applying of electrical field decreased the average particle size, increase the 

film porosity, enlarge the surface area but more prone to oxidation[93]. 

AACVD has some limitations such as poor adhesion between film and substrate, and relatively high 

defect density[61]. Those limitations might be due to the rapid deposition speed. Since a large 

number of the particles are deposited on the substrate in short time, they do not have enough time to 

diffuse and re-arrange themselves to the lower energy growth site.  

1.5. Hybrid AA/APCVD 

Hybrid AA/APCVD combines the systems and advantages of both AACVD and APCVD as shown 

in Figure 12. This system can deposit film with high quality and uniformity. At the same time, it 



can add nanoparticle into film by using nanoparticle slurry aerosol. Hybrid CVD method is suitable 

for producing nanocomposite.  

 

Figure 12 Schematic diagram for hybrid AP/AACVD. 

Warwick et al. produced the plain VO2 thin film, VO2-TiO2 nanocomposite and VO2-CeO2 

nanocomposite by hybrid CVD (Figure 13)[94]. The VO2 film was synthesised with VO(acac)2 and 

oxygen. VO(acac)2 was heated in the bubbler and carried by nitrogen-oxygen mixture gas into the 

reaction chamber. At the same time, nanoparticles were transported into the chamber in the form of 

aerosol. All the composites showed reduced τc compared with bulk VO2, and the reflectance showed 

a significant change of 30% between at 25°C and 80°C. The films had the photocatalytic properties 

similar to titanium dioxide thin film. The group concluded that although the Tlum of the 

nanocomposite was still needed to be improved, hybrid CVD is a promising way to produce 

thermochromic nanocomposite. 



 

Figure 13 Scanning electron microscope (SEM) image for (a) plain VO2 thin film, (b) VO2-TiO2 nanocomposite and (c) 

VO2-CeO2 nanocomposite. Reprinted from Ref.[94]. Copyright 2011, with permission from Elsevier. 

1.6. Atomic layer deposition (ALD) 

ALD is an “extreme” case of CVD. It utilises self-terminating surface half-reactions to control 

deposition. Since only a single molecular layer is formed in one cycle, ALD can form a very high-

quality thin film with precise thickness control. The reaction cycle must be repeated for several 

times to deposit thicker film, which makes ALD a slow and high-cost CVD technique. 

Tetrakis[ethylmethylamido]vanadium (TEMAV) is the vanadium contained precursor commonly 

used in ALD[95-99]. Other precursors used in ALD include VO(OC3H7)3[100] and VO(acac)2[101]. 

The common oxygen source used in ALD includes water[100], ozone[99, 102] and oxygen 

plasma[103].  

The self-terminating surface half-reaction is the foundation of ALD process. Factors such as 

reaction temperature, precursor injection time and purging time have to be carefully tuned in order 

to achieve this reaction. To form a saturated monolayer, the binding energy between substrate and 

precursor should be larger than the binding energy between the monolayer and precursor particles 

above[104]. Therefore, a precise temperature controlling is required. As the amount of injected 

precursor has to be in excess to ensure that a saturated layer is formed, an adequate purging time is 

needed for the excess precursor to evacuate the reaction chamber. The report of Rampelberg et al. 

demonstrated a typical ALD process for VO2(M) film deposition at 150°C with TEMAV and O3 as 

precursors as shown in Figure 14[99]. Firstly, TEMAV was introduced into the system to form 

multilayers followed by purging and re-evaporation of excess precursors to ensure the monolayer 

formation. O3 was introduced into the system and reacted with TEMAV; the unreacted O3 was 

purged out of the chamber. An amorphous VO2 film was produced and then was subsequently 

annealed at 450°C in a He atmosphere for 30 min to form VO2(M) phase.  



 

Figure 14 Schematic diagram showing the ALD process reported in Rampelberg et al.[99]'s case. 

The parameters of different CVD to produce VO2 is summarised in Table 3. It can be seen that 

vanadium-organometallic precursors such as VO(acac)2 and VO(OC3H7)3 have the largest process 

window for APCVD, MOCVD and AACVD system, which are especially suitable for the system 

with rough condition controlling. VCl4-H2O system can deposit pure phase VO2 with little 

contamination but because of its high toxic and narrow process window, it highly recommends 

establishing an APCVD system with good sealing and precise condition controlling when applying 

this precursor. TEMAV is the precursor with the lowest reaction temperature. Although currently it 

is only used for ALD, the precursor has high potential to be used in other CVD techniques such as 

MOCVD and AACVD. The least used precursor VOCl3 is not recommended because of the 

difficulty to produce VO2 pure phase and the highest reaction temperature among precursors.



 

Table 3 Precursor and parameters for various CVD techniques to deposit pure phase VO2(M), pure phase VO2(B), mixture of VO2(M) and VO2(B) and VO2-VOx 

mixing phase. 

Method Precursor/ 

Results 

Controlling Remarks 

  Molar ratio T (°C)‡ Flow rate (L/min)  

APCVD 

VCl4-O2† 

0.45-0.8 350-475 12  Able to produce pure VO2 phase with 

little contamination 

 Recommend for the system with 

precise condition controlling. 

0.05-0.2 500-550 0.5-1 

VOCl3-

O2/Mixing 

phase 

0.5-1 600-650 0.5-2.5 
 Produce mixing-phase only 

 Not recommended. 

 O2 Flow rate 

(L/min) 

T (°C) Total flow rate 

(L/min)  Wide process window 

 Recommend for the system with 

rough condition controlling 

 Have potential carbon contamination, 

which may affect optical properties. 

VO(acac)2-O2/ 

VO2(M) 
0.1-0.9 475-575 12 

VO(OC3H7)3-

O2/ 

VO2(M) 

0.6 300-450 0.7-0.8 

 Precursor flow 

rate (L/min) 

T (°C) Total flow rate 

(L/min) 

 Able to produce VO2 film with the 

single precursor 

 Suitable for the application with low 

purity requirement 

 Relatively simple system 

configuration. 

VO(OC3H7)3/ 

VO2(M) 
2-4 400-450 12 

      

      



MOCVD 

 P (torr) T (°C) Injection 

rate 

O2 flow rate 

(L/min) 

 

VO(acac)2-O2/ 

VO2(M) 

760 430-475 3 ml/h 0.02-0.04 

 Wide process window 

 Able to control reaction conditions 

more precisely than APCVD 

3 300-350 0.15 L/min 0.15 

VO(acac)2-O2/ 

VO2(M)+VO2

(B) 

760 410-430 3 ml/h 0.04-0.08 

VO(acac)2-O2/ 

VO2(B) 

760 380-430 3 ml/h 0.04-0.08 

3 200-300 0.15 L/min 0.15 

AACVD 

 Solvent T (°C) Flow rate (L/min) 
 High deposition rate but relatively 

poor quality 

 Suitable for the applications with low 

film quality requirement. 

VO(acac)2/VO

2(M) 

Ethanol 450-600 1.5 

V(ACAC)3/ 

Mixing phase 

Ethanol 500-600 1.5 

ALD 

 P (torr) T (°C) Pulse plan (s) *  Precise control of film thickness but 

complex system 

 Suitable for the application with high 

requirement to film thickness. 

 TEMAV is especially suitable for 

application requires low process 

temperature. 

TEMAV-O3/ 

VO2(M) 
7.5x10-7 150 2-25-5-15 

VO(acac)2-O2/ 

VO2(M) 
10 400-475 4-2-1-1 

 

 



‡”T” stands for growth temperature; “P” stands for chamber pressure. 

†Due to the lack of phase information in some of the reference, we cannot differentiate the optimum conditions for VO2(M) and VO2(B) 

in VCl4-H2O system. 

*Pulse plan describes the purging step in ALD. The four values indicate the time for metal precursor injection, first purging, 

oxygen/ozone injection and second purging. 



2. Strategies used in CVD system for improving VO2 film's 

energy conservation performance 

2.1. Doping 

VO2 application in thermochromic smart window is limited by high τc and doping is the effective 

way to reduce τc. We summarised the effect of various dopants on the thermochromic performance 

in Table 4. Only a few elements have been doped using CVD, including W, F, Mo and Nb. 

Tungsten is an extensively used dopant for VO2 due to its effectiveness in reducing τc[105]. 

Commonly used W-contained precursors include WCl6[106-108], W(OC2H5)6[107] and 

W(OC2H5)5[109, 110]. As the Table 4 and Figure 15 (c) describe, W has the most outstanding effect 

of τc decreasing among the dopants and the τc decreasing effect is linearly related to the W 

concentration. Despite the effectiveness of decreasing τc, W doping has the shortcomings to reduce 

Tlum and ΔTsol.  

 

Figure 15 SEM image from (a). top down and (b) cross-section view of V0.988W0.012O2 film produced by APCVD showing 

the worm-like structure. (c) Plotted relationship between W concentration and measured τC in the experiment. Adapted 

from Ref.[107] with permission from The Royal Society of Chemistry. 

Other dopants such as Mo, Nb and F encountered the same problem (Table 4): They can only 

improve either one or two properties of VO2. For example, Nb decreased τc, Tlum and ΔTsol at the 



same time[111]. F could only increase Tlum but broaden the hysteresis loop width at the same 

time[112, 113]. Although Mo was able to decrease τc and increase Tlum at the same time, the 

reduction of Mo ion during CVD limited the effect of performance optimising[114]. 

Table 4 Effect of dopants on the thermochromic performance of VO2 films. 

Dopant τc* Tlum ΔTsol 

W6+   [105, 115, 116] ↓ (~20-26°C per at%) ↓ ↓ 

Ti4+   [117, 118] ↑ ↑ ↑ 

Co2+   [119] ↓ n.a. n.a. 

Ta5+   [119] ↓ n.a. n.a. 

Nb5+   [111, 120, 121] ↓ (~2°C per at%) ↓ ↓ 

Mo6+   [120, 121] ↓ (~3°C per at%) ↑ ↓ 

Cr3+   [122] ↑ ↑ ↓ 

Sn4+   [123] ↑ (~1°C per at%) n.a. n.a. 

Al3+   [124] ↓ (~2.7°C per at%) n.a. n.a. 

Fe3+   [125] ↓ (~6°C per at%) n.a. n.a. 

Ce3+   [126] ↓ (~4.5°C per at%) n.a. n.a. 

P3-   [127] ↓ n.a. n.a. 

Sb3+   [128] ↓ ↑ n.a. 

Tb3+   [129] ↓ ↑ ↑ 

La3+   [130] ↓ (~1.1°C per at%) ↑ ↑ 

Eu3+   [131] ↓ (~5°C per at%) ↑ ↑ 

Mg2+   [14, 132-134] ↓ (~3°C per at%) ↑ ↑ 

Zr4+   [135] ↓ (~0.4°C per at%) ↑ ↑ 

In the table, “↑” and “↓” stand for the positive and negative effect on the properties respectively and 

“n.a.” stands for data not available. 

*The data in the brackets stand for the decreasing of τc per at% of dopant adding. 

Two remedies namely discovering new dopants and co-doping were employed to meet the 

challenge of decreasing τc and increasing Tlum and ΔTsol at the same time. Several new dopants such 

Mg, Zr and rare earth elements like Eu, Tb and La can reduce τc, enhance Tlum and ΔTsol at the same 

time (Table 4). It is worthwhile to employ CVD to dope such elements in future as CVD is a gas 

phase process which can facilitate the doping effectiveness. 

On the other hand, co-doping is a more time-saving strategy since it improves VO2 properties by 

combining the strength of currently available dopants and avoids their shortcomings. Some groups 

reported promising performance improvement by W/F co-doping[115] and W/Mg co-doping[119] 

and rare-earth/W co-doping[136]. The W/Mg co-doped sample prepared by Wang et al. via dip 



coating with V2O5, H2O2, Mg and W powder showed a decreased τc (~35°C) and an outstandingly 

high Tlum (81.3%) which was one of the highest Tlum among the reported cases[119]. Since CVD is a 

method that especially suitable to produce doped uniform thin film due to its mechanism and 

system configuration, co-doping is a future research topic with high potential and application value 

for CVD. 

2.2. Forming of composite materials 

CVD is suitable to produce certain types of composite materials: AACVD and hybrid AP/AACVD 

are good at producing nanocomposite and mixing phase materials since they can distribute 

nanoparticles and different phases in the matrix evenly. Conventional APCVD, MOCVD and ALD 

are more suitable to produce multi-layered structure materials and template assisted growth of 

biomimetic and photonic structure due to their ability to deposit high-quality thin film. 

Gold/VO2 nanocomposite is the most intensively studied form of nanocomposites due to the surface 

plasmon resonance (SPR) of gold nanoparticles and the changing of optical performance introduced 

by SPR[137]. Several groups reported the preparation of gold/VO2 nanocomposite with HAuCl4 as 

(gold) Au provider via hybrid AP/AACVD, the observation of a film colour changing (from a 

brown colour to blue-green colour)[109] and τc decreasing (~42°C)[138]. The influence of SPR to 

the optical and thermochromic properties of VO2 requires future detailed investigate. Since the size 

and shape of nanoparticle can directly affect the SPR effect, the formation of nanocomposite with 

different particle size and shape, nanocomposite performance characterisation and structure 

optimising are attractive topic to research. Furthermore, because other precious metal such as Ag 

also has SPR effect, the nanocomposite between VO2 and other precious metals and its performance 

is an interesting topic to be discovered.  

Mixing phase is a reliable way to prepare multi-functional materials. Some groups produced multi-

functional material that combined the photocatalytic properties from TiO2 and thermochromic 

properties from VO2 via APCVD or hybrid AP/AACVD with TiCl4[69, 139] or Ti(OiPr)4[140]. All 

samples in those cases showed a decreased τc at ~50°C with a promising photocatalytic effect.  

Multi-layer structure is an effective way to produce high-performance or multifunctional materials. 

Liu et al. produced VO2 thin film with enhanced Tlum and ΔTsol, promising hydrophobicity and anti-

oxidation ability by coating a Si-Al based anti-reflecting layer (AR-layer) via sol-gel method[18]. 

Meanwhile, Evans et al. prepared TiO2/VO2 multilayer samples with different structures (TiO2 on 



VO2 and VO2 on TiO2) and observed that the morphology of both composites was dominated by 

TiO2 (Figure 16) [141]. Moreover, the TiO2 on VO2 sample showed the thermochromic and 

photocatalytic properties from both VO2 and TiO2 but the sample of VO2 on TiO2 did not show any 

photocatalytic effect and τc decreasing. Recently, Breckenfeld et al. partially explained the reason 

behind this phenomenon [142]. As reported by the researchers, the thermochromic properties of 

VO2 on TiO2 is affected by the epitaxial strain due to the lattice mismatch between these two 

crystals. Epitaxial strain helps to reduce the τc by introducing lattice instability. However, if the VO2 

layer is too thick, misfit dislocations will occur and relax the accumulated epitaxial strain. The 

group proposed a way to solve this problem: carefully choosing the crystal growth direction of both 

TiO2 and VO2, and then annealing the composite to inhibit the generation of misfit dislocation. 

CVD (especially MOCVD) is good at growing the crystal with certain growth direction. Moreover, 

unlike other methods such as PLD, sputtering and solution based method, it is possible to anneal the 

sample without taking it out of the chamber using CVD, which prevents the sample from potential 

contamination and protects the good quality of the sample. 



 

Figure 16 SEM images of a). VO2; b). VO2 on TiO2; c). TiO2 on VO2; d). TiO2. Two composites had morphologies that 

were similar to TiO2. Reprinted from Ref.[141]. Copyright 2007 with permission from Elsevier. 

2.3. Template-assisted growth 
Biomimetic structures enhance the thermochromic performance of VO2 film since the sub-

wavelength moth-eye structures provide a continuous refractive index gradient between the air and 

the medium, which effectively decreases the reflections by reducing the refractive index gap on the 

air-medium interface. The simulation conducted by Taylor et al.[143] [Figure 17 (a)-(c)] and the 

sample prepared by Qian et al.[17] via templated assisted sol-gel method [Figure 17 (d)-(h)] 

confirmed the ability of biomimetic structures to enhance Tlum and ΔTsol as showed in Figure 17 (i) 

and (j). Compared with the sol-gel method, CVD especially APCVD and MOCVD have the 

advantage to deposit high quality and uniformity film on the complex geometry surface. Therefore, 

producing the biomimetic structure via CVD and its performance evaluation is an attractive future 

research topic. 



 

Figure 17 (a) 3D illustration of nanotextured surface with nipple arrays. (b) Side and (c) top views of hexagonally 

arranged circular paraboloid cones. (d) SEM cross-sectional profile of the moth-eye nanostructured VO2 film. AFM 

analyses of the biomimetic VO2 films with varied moth-eye structure size of (e) 210, (f) 440, (g) 580, and (h) 1000 nm. 

Effects of the moth-eye structure size on (i) ΔTlum, ΔTIR, and ΔTsol as well as on (j) Tlum and TIR. (a)-(c) are adapted from 

Ref. [143] with permission. Copyright 2013 The Optical Society. (d)-(j) are adapted from Ref.[17] with permission. 

Copyright 2014 American Chemical Society. 

Photonic crystal is one of the promising structures to display conspicuous structural colour due to 

its photonic bandgap generated by coherent optical diffraction. Ke et al. produced two-dimensional 

SiO2-VO2 core-shell thermochromic photonic sphere via template-assisted sol-gel process[Figure 18 

(a)][55]. The simulation results [Figure 18 (b)] and the experiment results [Figure 18 (c)] both 

indicated that such structure could achieve both diameter-dependent colours and reliable 

thermochromic performance. However, because the sol-gel method was not good at preparing high 

uniformity film with good complex geometry coverage, the actual Tlum and ΔTsol was slightly 



derivate from the simulated values. CVD as a technique that good at producing coating with good 

coverage can solve the issue encountered in Ke’s experiment. Recently, Ke et al. applied the same 

method to produced various nanopatterns[144], which also provided ideas for energy saving 

applications. 

 

Figure 18 (a) Illustration of the two-dimensional SiO2-VO2 core-shell photonic structure on glass. (b) Calculated 

transmittance spectra of these structures with diameters of 400, 500, 600, and 700 nm, respectively. (c) measured 

transmittance spectra of the structures with silica sphere sizes of 200, 400, 600, and 700 nm, respectively, as well as the 

plain VO2 film which serves as a control sample. The transmittance peaks and troughs are indicated by the solid and 

dashed arrows, respectively. (d-g) Top-view and (bottom-right insets) side-view SEM images of colour-changed samples 

using silica spheres with diameters of (d) 200, (e) 400, (f) 600, and (g) 700 nm, respectively and (inserted photographs on 

the bottom left) their corresponding normal-view appearance under sunlight. Adapted from Ref.[55] with permission. 

Copyright 2016 American Chemical Society. 

3. Strategies used in CVD system for improving the energy 

storage performance of VO2 film 

3.1. Growth of core-shell structure 

In 2014, Yin et al. produced VO2 coated ZnO nanotetrapods via APCVD with the precursors of 

VO(acac)2 and N2/O2 mixing gas (Figure 19) for field emission device applications[145]. The group 



employed ZnO as skeleton to overcome the difficulty of form VO2 pure phase nanostructure due to 

its nonstandard vapour-liquid-solid (VLS) mechanism. The core-shell structure sample showed a 

temperature dependent field emission property, which had a higher field emission density with the 

temperature increasing and the temperature dependent property could be attributed to the VO2 shell. 

The composite had a better field emission performance than VO2 pure phase. This case is a good 

example of applying CVD to produce complex geometry composites and the idea of this case is 

useful for similar topic in future. 

 

Figure 19 (a). low-, (b). medium-, and (c). high-magnification SEM images of VO2-ZnO core-shell structure; (d) High-

resolution transmission electron microscope (TEM) image of a single nanorod of a tetrapod; Upper inset in (d) is the 

corresponding SAED pattern. Adapted from Ref.[145] with permission from The Royal Society of Chemistry. 

3.2. Morphology modification by changing growth parameter 

Vernardou et al. deposited VO2(B) films with different morphologies by controlling gas flow rate 

passing through precursor[146]. With an increase in the carrier gas flow rate, the film surface was 

smoothened, and the size of nanocrystal was decreased. The electrochemical properties of the film 

showed a negative relationship with the flow rate: the sample prepared with the lowest flow rate (1 

L/min) had a specific discharge density of 425 mAh g-1, with a capacitance retention of 97% after 

500 cycles of charging (Figure 20). Porous thin films would allow easy access and wetting by the 



electrolyte which would increase the ion diffusion kinetics and improve the cycling stability, 

especially in supercapacitor electrodes. Utilizing the AACVD method, Warwick et al. synthesized 

highly porous VO2(m) thin films and the crystallite size and porosity of the films can be controlled 

by varying the deposition time and electric field strength. The sample with small crystallite size, 

high porosity and best wetting properties displayed a specific capacitance of 3700 µF cm-2 and 

stable cycling performance up to 1000 charge/discharge cycles[147]. 

 

Figure 20 Field emission scanning electron microscope (FESEM) images and cyclic voltammograms of APCVD 

vanadium oxide coatings at 500 °C for a) 1; b) 1.4; and c) 2.2 L/min N2 flow rate through the vanadium precursor bubbler. 

Reproduced from Ref.[146] with permission from Wiley. 

3.3. Carbon/VO2 heterostructure for battery and supercapacitor 

applications 

Carbon/VO2 heterostructures have drawn attentions as electrode materials for batteries and 

supercapacitors due to the combination of the good electrical conductivity of carbon and the high 

specific capacitance/lithium diffusion efficiency of VO2. Rui et al. synthesised ultra-thin 

[approximate coating thickness ~4.3 nm, as shown in Figure 21 (d)] amorphous carbon coated VO2 



(B) belt via hydrothermal method for battery applications [Figure 21 (a)-(c)][148]. The ultra-thin 

carbon coating improved the electronic conductivity without blocking the lithium diffusion pathway. 

Compared with samples with different concentrations, the sample with 6.6wt% of carbon showed a 

balance between conductivity and lithium diffusion efficiency and the overall best charging rate 

capability compared to the other samples. Other heterostructure battery electrode materials that 

have been researched recently include graphene quantum dot coated VO2 arrays[149] and VO2(B) 

coated carbon fiber cloth[150]. Both materials showed good specific capacity, fast charging rate at 

high current density and excellent cycling durability. Moreover, the two structures showed more 

attractive properties such as flexibility and good compatibility for both Li-ion and Na-ion battery. 

 

Figure 21 (a)-(c) SEM images and (d) TEM image of carbon/VO2 (B) composite with 6.6wt% carbon content. Adapted 

from Ref.[148] with permission from The Royal Society of Chemistry. 

On the other hand, heterostructures have also been intensively researched for supercapacitors. The 

structures for supercapacitor include graphene/VO2(B) nanosheet composite hydrogel[151], VOx 

overcoated carbon nanotube (CNT) structure[152] and VO2 nano-sphere decorated CNT 

heterostructure[153]. It is worth noting that researchers have employed CVD to produce VOx 

overcoating and VO2 nanospheres, which proves CVD’s capability for producing delicate nanoscale 

structures[153]. 

Table 5 summarised the strategies for improving the thermochromic and electrochemical 

performance discussed in the previous two chapters of the report, and the recommended CVD 

method for different strategies. As stated previously, APCVD is good at producing the high-quality 

thin film with accurate stoichiometry control and suitable for the applications required good 



covering and specified composition. AACVD and Hybrid AA/APCVD are suitable for mixing 

second phase into the matrix to produce composite materials. ALD is specialised in producing ultra-

thin film with good quality. 



Table 5 Strategies to improve the thermochromic and electrochemistry properties of VO2 and the recommended CVD methods for applying the strategies. 

Applications Strategy Researching direction Recommended CVD 

method 

Purpose 

To improve 

thermochromic 

performance 

Doping New element APCVD  To reduce τc, enhance ΔTsol 

and Tlum in thermochromic 

materials 

Co-doping 

Composite 

formation 

Nanocomposite AACVD, Hybrid 

AA/APCVD 

Mixed phase materials AACVD  Add multifunction such as 

photocatalytic to 

thermochromic materials 

Multi-layered materials APCVD, MOCVD, 

ALD 
 Add multifunction such as 

hydrophobicity, 

photocatalytic and anti-

oxidation ability to 

thermochromic film 

 Enhance ΔTsol and Tlum at the 

same time 

Template-assisted 

growth 

Biomimetic structure 

and  

APCVD, MOCVD, 

ALD 
 Enhance both Tlum and ΔTsol 

and change colour and 

optical responses in 

thermochromic materials 

photonic crystal 

To improve 

electrochemical 

performance 

Composite 

formation 

Ultra-thin carbon 

overcoating (~5nm) 

ALD  Enhance conductivity and 

lithium ion diffusivity to 

achieve maximum battery 

performance 

Graphene quantum dot 

coated VO2 arrays 

ALD, APCVD  Enhance conductivity, ion 

diffusivity and durability to 

achieve maximum battery 

performance  

 Capable for both Li-ion and 

Na-ion battery 

   

   



VO2(B) coated carbon 

fiber cloth 

APCVD, MOCVD  Balance conductivity, ion 

diffusivity and durability to 

achieve maximum battery 

performance  

 Potential candidate for 

flexible Li-ion battery 

VOx overcoated CNT 

structure 

ALD, APCVD  Balance conductivity, 

specific capacity and cycling 

durability to maximize 

supercapacitor performance 

VO2 nano-sphere 

decorated CNT 

Template-assisted 

growth 

Core-shell structure APCVD, MOCVD, 

ALD 
 Enhance field emission 

properties 

Morphology 

controlling 

Controlling crystalline 

grain size (from ~300 

nm to ~100 nm) 

APCVD, MOCVD  Enhance discharge density 

and durability 

Highly porous surface 

morphologies with 

extremely small surface 

features (~5 nm) 

AACVD  Enhance 

electrode/electrolyte 

interactions and improve 

cycling performance 



4. Conclusion and perspectives 

4.1. Conclusion 
This review discussed various CVD techniques and strategies to produce VO2 polymorph thin films 

for energy storage and saving applications and their performances are largely determined by the 

crystallinity, phase and morphology. In the vanadium-oxygen system, the stoichiometry and the 

performance of the product are influenced by several parameters such as substrate temperature, the 

molar ratio of precursor and total flow rate. A ternary diagram and two 3D diagrams were plotted in 

relation to the phase and stoichiometry of thin film in APCVD system with vanadium halide 

precursor. The effects of processing condition on the film's quality in other CVD systems were 

discussed in detail. We reviewed some strategies to improve VO2 thin film performance for both 

energy conservation and storage applications respectively. Three approaches, namely doping, 

composite forming, and template assisted growth to improve VO2’s thermochromic performance 

further and add multifunction into the smart window system. Meanwhile, the electrochemical 

performance of VO2 could be improved by forming core-shell structure material via template-

assisted growth, modifying film morphology and forming carbon/VO2 heterostructure. In summary, 

CVD is a promising technique to produce high quality and highly uniform VO2 thin film with 

different morphology in large scale. This article can serve as a guideline for process control and 

performance enhancement in both energy conservation and storage applications. 

4.2. Future research directions 
Although VO2 has been intensively researched for several years, there is still a long way to go 

before the commercialization and mass production of the final optimised product for thermochromic 

smart window and energy storage applications. 

In the field of energy conservation, improving the thermochromic performance of VO2 still remains 

a significant challenge. Currently τc at near room temperature can be achieved through doping and 

increasing Tlum and ΔTsol can be achieved through different methods such as nanopatterning, 

nanogridding and multi-layered materials. However, the three key requirements namely lower τc 

and enhanced Tlum and ΔTsol need to be improved simultaneously. Future research efforts should 

take this into consideration. Besides, multifunctional thermochromic device is vital for the next-

generation energy conservation smart window. Lastly but most importantly, although VO2 has been 

successfully deposited on large area, the batched production of VO2 based energy saving materials 



is currently still in exploration. The low-cost production of VO2 based smart-window or window 

coating is highly sought after by both academia and industry, as they may hold great economic 

potential for commercialisation. 

In the field of energy storage, current research is focussed on improving the electrochemical 

performance of VO2 electrodes for battery and supercapacitor devices. In future studies, the 

electrochemical properties of VO2 films can be enhanced with other metal oxides such as Co3O4 and 

TiO2. Also, it is necessary to study and improve the electrochemical performance of VO2 thick films, 

which are much needed for practical energy storage devices. Because of the abundant availability 

and low price of sodium (Na) and magnesium (Mg), Na-ion and Mg-ion batteries are currently 

attracting research attention. The applications of VO2 in Na-ion and Mg-ion batteries would be an 

interesting topic for future research. Finally, the mass production of VO2 based batteries and 

supercapacitors should be discussed in order to translate the VO2 based product from the laboratory 

into our daily life. 

Lastly, the current discussion of VO2’s application in energy conservation and storage field is still 

mainly limited to material perspective and aims at the performance improvement of material. The 

discussion of VO2 based device in energy perspective is relatively lacking. We suggest that more 

research can be conducted to focus on the actual impact of VO2 on energy field such as the amount 

of energy saving in different region of the world; the optimised design of VO2 coated smart window 

(for example the window size, installing location and window-to-wall ratio) for the best building 

energy saving effect; the contribution of VO2 based energy storage device to the cost-cutting of 

electric vehicles; and the stability of the power grid after the introducing of VO2 based battery or 

supercapacitor. The discussion based on the energy perspective will not only serve as a guideline 

for the material research to meet the real-world demand but also accelerate the applying of VO2 

based device in the actual applications. 
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